The ferrihydrite-goethite transformation in samples of pure-and Mn-ferrihydrite was investigated in order to elucidate the effect of Mn(II) in the aging process. Samples of pure-and Mn-ferrihydrites were aged for different times, and their structural changes were described on the basis of Rietveld structure refinements. A comparison of two series of samples with (A-series) and without Mn (F-series) shows b-enlargement and a-and c-shortening due to the presence of Mn during the complete aging process. However, with aging different trends are observed in both the series. In the samples synthesized without Mn(II) the variations in all the unit-cell constants are virtually negligible, whereas in the series with Mn(II) more significant changes are reflected by the enlargement of a-and c-and the shortening of the b. These results confirm that the dimensions of the lattice parameters depend not only on the substitution ratio but also on the aging history of the sample.
INTRODUCTION
Iron oxides and oxyhydroxides minerals are of great importance in the environment as well as in industry. Poorly crystalline Fe(III)-oxides (ferrihydrites) commonly exist in soils and sediments and are thermodynamically unstable. Ferrihydrites, with time, are transformed to more crystalline Fe(III) oxides [1] . This transformation proceeds through two competing mechanisms [2, 3] . Goethite formation involves the dissolution of ferrihydrite and reprecipitation from solution whereas hematite forms by dehydration and atomic reordering of the solid ferrihydrite. Hematite formation is favored by conditions that depress the solubility of ferrihydrite, whereas the formation of goethite is favored when the solubility and dissolution rate of ferrihydrite increases.
Ferrihydrite with 2-(XRD) line and 6-line varieties are commonly obtained in laboratory experiments, although species with an intermediate numbers of reflections have been found in nature. The structural and genetic relationship between 2-and 6-line ferrihydrite is obscure. The results obtained by Schwertmann et al. [4] strongly suggest that the different ferrihydrites do not form a genetic series in which the six-line variety forms by the gradual ordering of a less crystalline precursor, because these forms of ferrihydrites precipitate under different conditions. On the other hand, Kukkadapu et al. [5] using a variety of techniques including X-ray diffraction (XRD), Mössbauer spectroscopy (MS) and transmission electron microscopy (TEM) demonstrated that 6-line ferrihydrite could form as the transformation product of 2-line ferrihydrite under various conditions. Recently, *Address correspondence to this autor at the Departamento de Química, Universidad Nacional del Sur -Av. Alem 1253 -B8000CPB -Bahía Blanca, Argentina; Tel: +54-291-4595159; E-mail: alvarezm@pop3.criba.edu.ar Michel et al. [6] presented results from synchrotron-based X-ray total scattering experiments, which indicate that both the short-and intermediate-range ordering in nanocrystalline ferrihydrite are essentially the same and independent of changes in particle size. These results represent an important step in quantifying the terms of the so-called 2-and 6-line forms and significantly advance on the understanding of the atomic arrangements in nanocrystalline ferrihydrite; this will lead to a better understanding its structure, reactivity, and other interesting properties.
The presence of foreign species of anions, cations and neutral molecules in the system can have two different effects on the transformation of ferrihydrite to other iron oxides [7] [8] [9] . They can either modify the kinetics of transformation by slowing the process, or change the composition and properties of the end product. Cations usually require mol ratios of 0.05-0.1 to influence the kinetics of the reaction products, whereas anions are often effective at lower concentrations [1] . In addition to the retardation effects, cations are often incorporated in the iron oxide structure. A detailed examination of the structure of the ferrihydrite/solution interface and the manner in which the metals are incorporated into the solid, is required to understand the effects of the different divalent and trivalent cations on the stability of ferrihydrite. However, the poorly ordered nature of ferrihydrite complicates this attempt. Nevertheless, the elucidation of the reaction mechanisms and an estimation of the associated transport and thermodynamic parameters are important for an accurate description of the fate of toxic metal pollutants in soils and aquatic ecosystems rich in iron oxides [10] .
The transformation in samples of pure-and Mn-ferrihydrite to elucidate the effect of the presence of Mn(II) in the aging process was chosen because the actual pathway of the goethite-ferrihydrite transformation process is unclear and also can be affected by the presence of foreign cations. For this purpose several samples of pure-and Mn-ferrihydrites were aged for different times, and the structural changes of the obtained oxihydroxides were described by the Rietveld method using X-ray powder diffraction data [11] .
MATERIALS AND METHODS
A set of five samples of ferrihydrites was synthesized by adding aqueous Fe(NO 3 ) 3 (25 mL, 0.53 M) to NaOH (87.5 mL, 2 M). The resultant precipitates were centrifuged, washed twice with double distilled water, and aged in Teflon bottles at 60 ºC in NaOH solutions (125 mL, 0.3 M) for 4, 8, 12, 16, 20 and 24 hours, respectively. Samples were labeled F i (with 4 < i < 24).
A series of Mn-ferrihydrites was obtained by a similar method, by the coprecipitation of a mixture of Fe(NO 3 ) 3 and Mn(NO 3 ) 2 0.53 M solutions with NaOH 2 M. The molar ratio Mn/(Mn + Fe) was kept at 0.10. Aging times were 8, 12, 16, 20 and 24 hours.
The final solids were washed, dried and gently crushed. In order to remove the poorly crystalline compounds from the precipitates, half of each sample of the A-series was extracted in the dark with ammonium oxalate (0.2 M, pH 3.0) for 4 hours at room temperature [12] . The non-extracted and the extracted samples were identified as A i and A' i (with 8 < i < 24), respectively.
The Mn and Fe contents of the solids were determined by atomic absorption spectrometry (AAS) in a GBC Model B-932 spectrometer. Chemical analyses were performed in duplicates by dissolving 20 mg samples, at 60-80 ºC, in 100 mL HCl 6 M.
X-ray diffraction patterns were recorded using a Siemens D5000 diffractometer, operated at 40 kV and 35 mA, in a Bragg-Brentano geometry and equipped with CuK radiation and a graphite monochromator. Data were collected in the 18.500º 2 132.000° range, with a scanning step of 0.025°. Divergence scattered and receiving radiation slits were 1°, 1° and 0.2 mm respectively.
The structural refinement was conducted using the program package GSAS [13] . Peak profiles were fitted using the Thompson-Cox-Hastings pseudo-Voigt function [14] with the microstrain broadening description of Stephens [15] . Peaks asymmetry was corrected using the Finger function [16] . The crystallite sizes were obtained by adopting the anisotropic bidimensional model described in the GSAS manual. The crystallite size was then determined in the parallel direction (P paral ) and perpendicular direction (P perp ) to the anisotropic broadening (021) axis. Crystallite dimensions were calculated making allowances for the instrument broadening function that was previously modeled using NIST SRM 660 lanthanum hexaboride (LaB 6 ) standard. Table 1 shows the metal contents for samples belonging to the A-series measured before and after the ammonium oxalate treatment.
RESULTS AND DISCUSSION
As can be seen, the Mn molar ratio in the unextracted samples remains essentially constant (~ 0.118 ± 0.003 mol mol -1 ). This result agrees with an almost negligible Mn content in the supernatants after the solid separation, and indicates that Mn is completely adsorbed and/or incorporated to the oxide. In the extracted samples, x Mn shows greater values indicating the dissolution of amorphous Fe oxides during the extraction process. The small changes observed in XRD peak positions of all samples (Fig. 1) indicate changes in the unit cell parameters resulting from differences in aging times. Only sample F 4 shows a decrease of crystallinity in F-series. From F 8 to F 24 , the XRD patterns show the presence of a well-crystallized goethite phase. Samples belonging to the A-series show a slower transformation to the goethite phase. Except for A 24 , all samples in A-series display a lower degree of crystallinity than the corresponding pure samples. Only in the step A 20 A 24 a well-crystallized goethite is formed. These results indicate that the presence of Mn(II) retards the ferrihydritegoethite transformation by stabilizing ferrihydrite towards dissolution. However, this stabilization effect is not strong enough to promote the ferrihydrite-hematite transformation. Cornell and Giovanoli [8] also found that the rate of transformation of ferrihydrite in the presence of Mn(II) was slightly slower than that of the pure ferrihydrite.
The XRD patterns of samples of both series have been simulated using the Rietveld method. The values of the reliability factors that describe the quality of the fitting, Rwp, Rp, R B and GofF were in the range 7.05-9.37%, 5.24-7.13%, 2.81-3.84% and 1.11-1.24, respectively. Because of the low crystallinity in the A-series, only cell parameters and crystallite sizes have been refined in samples A 8 to A 24 .
Variations in lattice parameters obtained by Rietveld refinement of both series of samples are presented in Table 2 and a comparison of the unit-cell constants is presented in Fig. (2) . The cell dimensions are markedly different in both the series. In the A-series, a and c are smaller than in the Fseries, whereas the b-values are larger than those in the Fseries. These results are consistent with preliminary data that confirm the b-enlargement and the a-and c-shortening of the unit-cell constants with Mn-substitution in the goethite structure [17] [18] [19] .
Inside each series the parameters also change. The variations in pure goethite are small, with the a-parameter decreasing from F 8 to F 20 , and slightly increasing in F 24 . The variations in b-and c-values are almost negligible and vary non-monotonically. In the A-series the a-dimension increases slightly from A 8 to A 12 , but remains virtually constant up to A 20 and increases in A 24 . The changes in b-and cvalues are more marked; b-decreases progressively with the aging period and c-decreases from A 8 to A 12 and then shows an increment in A 24 .These results confirm that the dimensions of the cell parameters depend not only on the substitution ratio but also on the aging history of the sample. Fig. (2). (a) a-,(b) b-, and (c) c-lattice dimensions in the A-and Fseries vs. aging time.
The crystallite sizes also change with the aging time. The values in the F-series (pure goethite) indicate that the size parallel to (021) decreases with the aging time and the dimension perpendicular to the (021) axis increases (from 837 to 617 Å and from 169 to 448 Å, respectively). In general, the Mn-goethites values are smaller than those of pure-goethites. The changes are not monotonic as in the F-series, and A 24 presents a surprisingly higher value in P paral . To clarify the simultaneous effect of Mn incorporation and aging time over the crystallite size, we consider that new techniques as high-resolution X-ray pair distribution function (PDF) measurements should be applied to give more accurate information about local, intermediate and long-range structure [20] .
The refined atomic positions for the samples belonging to the F-series are presented in Table 3 .
The atomic distances Fe-OH, Fe-O and Fe-Fe in the goethite samples obtained in F-series, have been calculated and are presented in Table 4 .
The structure of goethite is based on a hexagonal closepacked array of anions (O 2-, OH -) with half of the octahedral sites filled with Fe(III) cations. The Fe(O,OH) 6 octahedra are joined by an edge, through two OH -groups, forming a double link. The double links form chains that run along the (001) direction [21, 22] . The chains are joined one to another by O 2-ligands. This structure generates three different Fe-Fe distances. Into the link the two Fe ions joined by two OH -determine the distance named E; into each chain, and in the c-direction, the Fe ions joined by one O 2-and one OH -determine the distance named E´; and between chains the Fe ions joined by O 2-determine the distance named DC. These features are shown in Fig. (3) . In general, these changes explain the variations of all the unit-cell constants due to changes in Fe-O or Fe-OH distances. The enlargement of the b-and the decrease of the aparameter in the F-series give rise to a decrease of the unitcell volume, leading to a more compact structure during the ferrihydrite-goethite transformation process.
CONCLUSIONS
A comparison of two series of samples with and without Mn involving the transformation of ferrihydrite to goethite shows a b-enlargement and a-and c-shortening due to the presence of Mn during the complete aging process.
For each of the two series, different trend of the unit-cell constants behaviour is observed as a function of the aging time. In the F-series the variations of all the cell parameters are practically negligible, except for a general decrease observed for a. In contrast, in the A-series more significant changes are observed in the enlargement of a and c and the shortening of b from A 8 to A 24 . These results confirm that the dimensions of lattice parameters depend not only on the Mn/Fe substitution but also on the aging history of the sample.
The crystallite sizes also change. The values in the Fseries (pure goethite) indicate that the dimension perpendicular and parallel to the (021) axis decrease and increase respectively with aging. In general the values in Mn-goethites are smaller than in pure-goethites. Only the more aged Mngoethite presents a higher value in p perp .
